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• Arsenic concentrations mostly vary by small amounts but in many wells vary substantially.
• Variability due to sampling and analysis is controlled by careful use of replicate sample data.
• Concentrations in public supply wells vary more than in private domestic wells.
• The overall variability appears related to seasons of the year, implying potential process controls.
• The most variable concentrations relate to variation in geochemical conditions.
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The occurrence of arsenic in groundwater is a recognized environmental hazardwithworldwide importance and
much effort has been focused on surveying and predicting where arsenic occurs. Temporal variability is one
aspect of this environmental hazard that has until recently received less attention than other aspects. For this
study, we analyzed 1245 wells with two samples per well. We suggest that temporal variability, often reported
as affecting very few wells, is perhaps a larger issue than it appears and has been masked by datasets with
large numbers of non-detect data. Although therewas only a slight difference in arsenic concentration variability
among samples from public and privatewells (p= 0.0452), the range of variability was larger for public than for
private wells. Further, we relate the variability we see to geochemical factors—primarily variability in redox—but
also variability in pH andmajor-ion chemistry.We also show that inNewEngland there is aweak but statistically
significant indication that seasonality may have an effect on concentrations, whereby concentrations in the first
two quarters of the year (January–June) are significantly lower than in the second two quarters (July–December)
(p b 0.0001). In the Central Valley of California, though not statistically significant (p= 0.4169), arsenic concen-
tration is lower in thefirst quarter of the year but increases in subsequent quarters. In both regions, these changes
appear to follow groundwater levels. It is possible that this difference in arsenic concentrations is related to
groundwater level changes, pumping stresses, evapotranspiration effects, or perhaps mixing of more oxidizing,
lower pH recharge water in wetter months. Focusing on the understanding the geochemical conditions in aqui-
fers where arsenic concentrations are concerns and causes of geochemical changes in the groundwater environ-
ment may lead to a better understanding of where and by how much arsenic will vary over time.

Published by Elsevier B.V.
1. Introduction

The problem of the occurrence of arsenic in groundwater has gained
worldwide attention, and studies in high-exposure regions of the world
tors affecting temporal varia
://dx.doi.org/10.1016/j.scitote
have established its human carcinogenicity (Smedley and Kinniburgh,
2002). Additional health effects have been increasingly linked with
arsenic exposure, including associations with diabetes, heart disease,
and H1N1 viral susceptibility (Kozul et al., 2009). One aspect of the arse-
nic environmental hazard problem that has not been well characterized
is the degree to which temporal variability occurs in well water. Tempo-
ral variability of concentrations of arsenic in drinkingwater is a potential
bility of arsenic in groundwater used for drinking water supply in the
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concern for human-health studies in which long-term exposure is often
based on one arsenic measurement to represent 20 or more years of use
of drinking water from wells (Karagas et al., 1998; Nuckols et al., 2011).
Temporal variability may also pose challenges for water treatment prac-
tices where municipalities or private well owners seek to reduce arsenic
concentrations. Although studies have reported the presence or absence
of temporal variability of arsenic in public or private groundwater sup-
plies, emphasis to date has been ondocumentation of the presence or ab-
sence of variability, and these studies often lack conclusive evidence of
trends or controls on variability (Ayotte et al., 2003; Belitz et al., 2003;
Burgess et al., 2007; Cheng et al., 2005; Erickson and Barnes, 2005;
Focazio et al., 2000; Hinkle and Polette, 1999; Karagas et al., 2001;
Meliker et al., 2007; Nadakavukaren et al., 1984; Ravenscroft et al.,
2006; Seiler, 2004; Sengupta et al., 2006; Sorg et al., 2014; Steinmaus
et al., 2005; Thundiyil et al., 2007). Most studies reveal that, for water
from the vast majority of wells, arsenic concentration is not particularly
variable; however, some reveal significant fluctuations over time.
Often, the ability to explain variation is limited due to small numbers
of samples exhibiting significant variability. Furthermore, although
some studies suggest that a number of wells show variability that is sig-
nificant, it is unclear what factors or mechanisms are associated or
controlling.

In the United States, governmental agencies recommend testing
private water supplies for various contaminants on a periodic basis
(usually 1–3 years) to determine whether concentrations are changing
(U.S. Environmental Protection Agency, 2010). This recommendation is
intended to be protective of public health and the 1–3 year frequency is
assumed adequate to detect any changes in concentrations before expo-
sure risks become elevated; however, the extent to which these recom-
mendations are successful is unclear. Publicwater supplies in theUnited
States are subject to the protections of the Safe Drinking Water Act,
which requires periodic testing of water for arsenic, the frequency of
which is predetermined but can be reduced when arsenic concentra-
tions are substantially lower than the maximum contaminant level
(MCL) of 10 μg/L (U.S. Environmental Protection Agency, 2001). The
lack of more detailed information on temporal variability may reflect
theprevailing focus on occurrence anddistribution of arsenic in ground-
water used for drinking water (particularly private domestic supplies)
and on the perception that variability over time is generally low.

Variation in concentrations of arsenic in groundwater may arise in
response to natural or anthropogenic factors. Natural variation in arse-
nic concentrations might be expected to occur in response to climatic
and seasonal changes such as wet and dry periods (Berg et al., 2001;
Cheng et al., 2005; Nadakavukaren et al., 1984), however, these factors
have rarely been directly linked to variation in arsenic concentrations
(Thundiyil et al., 2007). Studies that have identified seasonal signals in
arsenic concentrations frequently have been unable to identify whether
correlations between arsenic variability and seasonal effects reflect
advection of seasonal fluxes of recharge through aquifers (seemingly
at odds with the fact that dispersion tends to smooth out such fluxes
in many groundwater systems) or seasonally varying pumping stresses
on aquifers. Anthropogenic factors that may affect arsenic variability
may be more complex and include land development, addition of
solutes to the groundwater system (Harte et al., 2012), or human-
induced flow-system changes, including well development, groundwa-
ter pumping, or aquifer storage and recovery (Ayotte et al., 2011;
Focazio et al., 2000; Gotkowitz et al., 2004; Katz et al., 2009; Price and
Pichler, 2006; Schreiber et al., 2003). It is also unclear whether natural
processes can cause significant or widespread changes in arsenic
concentration in groundwater over periods of weeks to years. Indeed
in many studies of temporal variability of arsenic, identification of sys-
tematic variability has been elusive (Focazio et al., 2000; Hinkle and
Polette, 1999; Mackenzie et al., 2000; Sorg et al., 2014). The objectives
of this study are (1) to characterize the amount of temporal variability
of arsenic in groundwater using existing data from wells used for
drinking water, collected at various time scales, and for wells that vary
Please cite this article as: Ayotte JD, et al, Factors affecting temporal varia
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significantly, and (2) to examine factors that may relate to the cause
of variability such that potential controlling processes can be identified.

2. Data and methods

2.1. Well selection

This study evaluates five independent datasets of arsenic concentra-
tions in well water used for drinking-water supply, mostly from New
England but also from California and other parts of the United States.
The datasets are from (1) U.S. Geological Survey (USGS) National
Water-Quality Assessment Program (NAWQA) private domestic and
public wells across the United States, (2) private domestic wells in the
Lamprey River basin in southeastern New Hampshire, (3) public wells
in New England, (4) private domestic wells near theMottolo Superfund
site in southeastern New Hampshire, and (5) private domestic wells in
southeastern New Hampshire (Fig. 1; Table 1). The datasets were
chosen because of interest in arsenic variability in New England and
elsewhere as well as based on the quality of data. The nationwide data
from NAWQA were included because they add national context and
were of high quality, meaning that the data were well suited for com-
parison of concentrations within a well.

In all, data were compiled from 1245 public and private drinking
water wells with temporal data (Supplemental information). The data
cover spatial scales ranging from regional to local and temporal scales
of sample collection ranging from less than one year to more than a de-
cade. Most wells had only two samples, although a small percentage
had additional samples; as such, only two-sample comparisons were
made for this study. Some data were for filtered samples, but most
samples were not filtered, owing to the fact that they were drinking
water wells; only filtered-to-filtered or unfiltered-to-unfiltered sample
comparisons were made.

All analyses had a laboratory reporting level less than or equal to
1 μg/L and a common reporting level was used on a per sample pair
basis. Where concentrations were reported as less than 1 μg/L,
a value of 1 μg/L was assumed to be the actual value; this had the
conservative effect of rendering many of the comparisons within
wells to be within noise limits associated with random sampling and
analysis error. Sampleswere collected according to protocols associated
with each study, but typicallywaterwas collected from just ahead of the
pressure tank (in domestic well settings) or from the designated sam-
pling spigot (public wells) into acid-rinsed polyethylene bottles and
preserved with nitric acid to a pH of less than 2. The NAWQA samples
were analyzed according to variousmethods, using inductively coupled
plasma (ICP) atomic-emission spectrometry, ICP mass spectrometry,
graphite-furnace atomic absorption (AA) spectrometry, and hydride
generation AA (Faires, 1993; Fishman and Friedman, 1989; Garbarino,
1999; Ivahnenko et al., 2001). All other samples were analyzed
using U.S. Environmental Protection Agency (EPA) method 200.8
(U.S. Environmental Protection Agency, 1994). The individual datasets
used in this study are described in more detail below.

For the USGS NAWQA dataset, two samples each were collected
from 312 public and private wells in major aquifers across the United
States about 10 years apart from 1993 to 2010 (Fig. 1). Samples were
collected through a 0.45 μm filter according to the same protocols and
analyzed at the USGS National Water-Quality Laboratory (Koterba
et al., 1995; Lapham et al., 1995).

For the Lamprey River basin dataset, two samples eachwere collected
from 148 domestic wells in bedrock across the basin (about 475 km2)
from June to September 2004 and May to June 2005. The unfiltered
water samples from drinking-water taps were analyzed at the New
Hampshire Department of Environmental Services (NHDES) Laboratory,
at an EPA contract laboratory, and the EPA National Air and Radiation
Environmental Laboratory.

For theNew England public wells dataset, 2 to 29measurements per
well were obtained for 607 public wells in bedrock from 1995 to 2008.
bility of arsenic in groundwater used for drinking water supply in the
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Fig. 1. Locations of wells andmaximumconcentrations of arsenic forwells with temporal arsenic data inA, theUnited States and B, NewEngland.Wells are colored by concentration range
and symbols (in B) denote data source.
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For wells with three or more measurements, the two most recent were
used. The average time between measurements was 2 years to comply
with monitoring frequency requirements for inorganic contaminants
specified by regulations under the authority of the Safe Drinking
Water Act (40 CFR §141.23).

For the private wells dataset near the Mottolo Superfund site, two
(and occasionally 3) unfiltered samples were obtained from 35 private
wells in bedrock from June 2009 to June 2010 and were analyzed
at the NHDES Laboratory. Some wells are affected by anthropogenic
contamination from former disposal of organic and nitrogen waste
(New Hampshire Department of Environmental Services, 2010).

For the southeastern New Hampshire dataset, two unfiltered sam-
ples were collected from 143 domestic wells in bedrock in 2002 and
2012. Samples were collected by homeowners according to detailed
Please cite this article as: Ayotte JD, et al, Factors affecting temporal varia
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instructions provided with sample bottles. The USEPA region 1 Labora-
tory analyzed the samples.

2.2. Development of variables

Variableswere developed for the analysis of potential factors that af-
fect temporal variability of arsenic in water from wells. In particular,
variables that are surrogates for changes in redox processes, such as
changes in iron, manganese, and dissolved oxygen, were used to relate
redox changes to changes in concentrations of arsenic. Well water pH
also was used. For some wells, changes in concentrations of major
ions were used to indicate changes in groundwater chemistry. Because
most of the data on arsenic were originally collected for other purposes
and were compiled retrospectively for this study, they do not generally
bility of arsenic in groundwater used for drinking water supply in the
nv.2014.02.057
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Table 1
Summary of differences in arsenic concentrations of based on two samples per well.
[LRB, Lamprey River Basin;MOT,Mottolo Superfund Site; PSW, NewEngland public-supplywells; NAWQA, NationalWater Quality Assessment Program; SNH, SouthernNewHampshire].

Data
source

Range of years
for samples

Percent of wells with
arsenic ≥1 in both samples

Number of
wells

Arsenic difference, in micrograms per liter

Mean Minimum Percentile Maximum

1st 5th 10th 25th 50th 75th 90th 95th 99th

Private domestic wells

LRB 2003–2005 54.7 148 0.5 −5 −5 −1 0 0 0 0 2 3 5 37
MOT 2009–2010 88.6 35 25 −57 −57 −42 −11 −2.4 −0.4 0 8 23 1000 1000
NAWQA 1993–2008 45.2 290 −0.1 −11 −8 −2 −1 0 0 0 1 1.5 6 15
SNH 2003–2013 58.7 143 −0.1 −16 −7.9 −5.1 −3.5 −0.31 0 0.43 1.3 3.1 17 30

Public-supply wells

NAWQA 1994–2007 68.2 22 3.0 −5 −5 −5 −4 −2 0 0 0 1 90 90
PSW 1995–2008 60.6 607 8.5 −73 −22 −9 −4 −1 0 0 2 4 46 3000

All data 1993–2013 57.0 1245 4.9 −73 −16 −6 −2.6 0 0 0 1 3 29 3000
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contain consistent types of information across datasets. For example,
the Lamprey River basin dataset contains data on pH, dissolved oxygen,
and specific conductance along with concentrations of arsenic, whereas
the datasets of the public well generally contain only data on iron and
manganese.

In New England, the estimation of water-level conditions under
which a sample was collected was based solely on the date of sample
collection, as it pertains to typical groundwater levels. For this classifica-
tion, samples were divided into quarters of the year based on the
sample date. In general, the third and fourth quarters of the year have
the greatest depths to groundwater, and the first and second quarters
have shallower depths to groundwater. In this way, the hydrologic
condition was inferred based on typical hydrographs of monthly
groundwater levels. For most of the wells that were sampled as part of
the NAWQA program, water level data were available, and these data
were used directly. One hypothesis is that variability in arsenic concen-
trations may be related to variability in groundwater levels, which may
in turn be indicative of time-varying proportions of contributions of
water from different parts of the aquifer to wells. Water levels tend to
be shallowest in the winter and spring months and deepest in the
summer and fall months, and arsenic concentrations, if collected during
each of these time periods at the same well can be compared.
2.3. Statistical analyses

Datasets generally had two samples perwell except for a small num-
ber of public wells in New England and wells at the Mottolo Superfund
site, both of which had three or more samples; in those cases, the last
two samples were used in the evaluation. Differences in the samples
(sample 2 minus sample 1) were compared by various groupings
using graphical and group-comparison methods, such as the Mann–
Whitney two-group test and the Kruskal–Wallis multiple group test
(Helsel, 2005; Helsel and Hirsch, 1992). Pairwise comparisons were
Table 2
Variability of replicate data by source of data.
[NAWQA, USGS National Water-Quality Assessment Program; MOT, Mottolo Superfund Si
Hampshire.]

Water-supply well
data source

Consistent detections Mean concentration

Minimum (μg/L) Median (

NAWQA 25 1 4.3
MOT 5 3.5 15
LRBa 6 1.9 13
SNHb 11 1.9 12

a Replicates analyzed at different laboratory.
b Replicates only on second sample.

Please cite this article as: Ayotte JD, et al, Factors affecting temporal varia
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used to evaluate overall changes in paired sample data using the
Wilcoxon–Pratt test, which considers change in the entire data distribu-
tion in determining trend and provided ameans for comparing datasets
(Hothorn et al., 2008; Lindsey and Rupert, 2012; Pratt, 1959; Rupert,
2008). These tests indicate possible upward or downward patterns
based on the median difference between paired samples. Contingency
table tests and the associated chi-square statistic were used to determine
whether increases or decreases in redox or other geochemical indicators
lead to increases or decreases in arsenic concentrations (Helsel and
Hirsch, 1992). Derivativemetrics such as the pooledmean relative standard
deviation between replicate pairs also were used in the analysis in order to
determine confidence intervals for each sample (Apodaca et al., 2006).
2.4. Quality control

Replicate samples represent samples collected sequentially at a well
and analyzed to determine the amount of variability in ameasured arse-
nic concentration that is attributable to sample collection and laborato-
ry analytical error. Analyses of the variability in arsenic concentrations
was donewith andwithout samples with overlapping confidence inter-
vals, as indicated, in order to show how the relations that were identi-
fied are affected by inclusion or exclusion of those samples. Replicate
variability can be characterized by the relative standard deviation
(RSD) of the two samples (Apodaca et al., 2006). Mean RSD values
(by dataset) ranged from 1.8% to 8.3% of the measured values (Table 2).

From the pooled mean RSD of replicate well pairs for each dataset, an
upper and lower confidence interval can be computed and applied to the
environmental samples. Where confidence intervals from environmental
sample pairs overlap, it is not possible to say with certainty that the differ-
ence in arsenic concentrations between those sample pairs is due to envi-
ronmental variability or sample collection, handling, and analysis.

Samples from theNAWQA, Lamprey River basin,Mottolo Superfund,
and southeastern New Hampshire arsenic studies have associated
te, New Hampshire; LRB, Lamprey River Basin, New Hampshire; SNH, Southeast New

of replicate sets Mean standard
deviation (μg/L)

Mean relative standard
deviation (percent)

μg/L) Maximum (μg/L)

89 0.2 4.6
53 0.3 1.8
24 0.8 8.3
37 0.31 3.1

bility of arsenic in groundwater used for drinking water supply in the
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Fig. 2.Difference in concentration of arsenic between samples for wells used in this study (difference equals sample 2 minus sample 1). Most wells (middle 89%) had concentrations that
varied by less than 4 μg/L. However, 11% of wells (7% decreased and 4% increased) had arsenic concentrations that varied by 4 to ≥30 μg/L.
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replicate samples. There were no replicate data available for the public
wells in New England, so the highest value of 8.3% from Table 2 was ap-
plied to the data from those wells to compute confidence intervals.

Quality control (QC) data for theNAWQA samples included replicate
samples from 50 wells across the United States and, excluding those
that had nondetect values, had a mean RSD of 4.6% (n = 25), with only
two sites showing values that differed bymore than 50%. These replicate
data, which are a subset of data collected by NAWQA, were less variable
than the arsenic replicates in the complete set (RSD = 7.6%; n = 202)
(Apodaca et al., 2006). The fiveMottolo Superfund site replicates collect-
ed during sampling were analyzed by the same laboratory and had a
mean RSD of 1.8% (Table 2). The southeastern New Hampshire arsenic
study replicates were collected for the second sampling period only
(10 years after the initial sample collection) and had a mean RSD of
3.1% (n = 11) (Table 2).

The Lamprey River basin replicates are not true replicate samples
because the environmental samples were analyzed by one laboratory
and subsequently a second laboratory analyzed the same bottles. Two
standard reference samples also sent to the second laboratory revealed
a 1.2 μg/L bias so all QC data were adjusted by this factor. These data,
excluding the censored values, had a mean RSD of 8.3% (Table 2).

3. Results

Temporal variability of arsenic concentrations within each well
(from two samples per well, collected over time frames of days to
decades) was generally small1 in water samples from 89% of all private
and public drinking-water wells used in this study. This variability
appears to support the conclusion that changes in concentrations over
time are not a widespread phenomenon. However, it is important to
keep in mind that about 43% of wells used in this study had concentra-
tions reported as b1 μg/L in both samples; this means that the percent-
age of wells with high variability in concentration of arsenic will
always appear to be low. What is not clear from these numbers, but is
important for the fraction of wells with measurable concentrations
(N1 μg/L), is that a large percentage (N43%) of wells with measureable
arsenic have significant arsenic variability, underscoring the objectives
of this study.

Increases or decreases in concentrations of arsenic N±4 μg/L,
however, were observed for about 11% of all wells used in this study
1 For this paper, small was considered to be≤±4 μg/L, although other thresholds could
have been used.
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(133 of 1245 wells) and increased to 19% of wells when considering
only those sites that had measurable concentrations of arsenic (133 of
710), indicating that variability is indeed a concern for water supply
wells (Fig. 2; Table 1).
3.1. General variability

Variability in overall concentrations of arsenic, for all wells, was eval-
uated statistically by evaluatingwhether the concentration of arsenic in
sample 2 was greater than or less than the concentration in sample 1
(termed arsenic difference, Table 3),while accounting for those samples
that indicate no change. Some datasets showed an increase in the con-
centration of arsenic between the two samples, whereas others showed
a decrease. Tests for changes by source of data indicate that there were
overall increases in two datasets and decreases in three (Table 3). The
private well samples for the Lamprey River basin and southeastern
New Hampshire studies had overall increases in concentrations of
arsenic but only the concentration increase in the well samples in
the Lamprey River basin study was statistically significant. The public
wells in New England had an overall decrease in concentrations of arse-
nic, as did the wells in the Mottolo Superfund and NAWQA datasets.

The NAWQA dataset was further divided into wells in the lower
Illinois River basin and the Central Valley of California because these
two subsets represent concentrations of arsenic that are affected by dis-
tinctly different geochemical processes that will be described later in
this article. In the lower Illinois River basin, processes associated with
reductive dissolution of iron oxyhydroxides and reductive desorption
from oxyhydroxides are likely controls on arsenic variability (Thomas,
2007). In the Central Valley of California, arsenic variability may be
affected by increasing residence time of the groundwater (Anning
et al., 2012) as well as the introduction of oxidizing recharge water
(through irrigation) with high concentrations of dissolved solids
(Jurgens et al., 2009).

Arsenic variability was greater for public than for private wells. Al-
though individual datasets are described in Table 1, the concentrations
from all public wells (excluding those with overlapping confidence
intervals) are more variable than those from private domestic wells
(Fig. 3A). It is important to note, however, that most wells used in this
part of the analysis are located in New England. Twenty-two of the
629 public wells are in Texas, Nevada, Illinois, or South Carolina. The
interquartile range for the public wells (n = 161) is 8 μg/L compared
with 2.9 μg/L for the private domestic wells (n = 183). The coefficient
bility of arsenic in groundwater used for drinking water supply in the
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of variation for samples at each well also was significantly greater for
the public wells tested than for the private wells (Fig. 3B).

For community and noncommunity public wells in New England,
arsenic concentrations were similarly variable. Community wells serve
the largest populations (such as municipalities and housing develop-
ments) and generally have higher pumping rates than noncommunity
wells (which serve motels, restaurants, and schools, for example). The
interquartile ranges of differences in concentrations of arsenic for com-
munity and noncommunity wells, excluding samples with overlapping
confidence intervals, were 8.5 μg/L and 8 μg/L, respectively (Fig. 4A).
The coefficient of variation for samples at each well was not statistically
different for community and noncommunity wells (Fig. 3B). The effect
of elapsed time between samples from the data used in this study ap-
pears unrelated to changes in concentrations of arsenic over time—
that is, the amount of time elapsed between samples was not related
to the concentration of arsenic in samples—and therefore no further
discussion is included on elapsed time between samples.

3.2. Inferred geochemical factors related to arsenic variability

Commonly measured constituent data or water properties were
used to indicate the geochemical (redox, pH, major ions) status of the
groundwater. Surrogate information has been used effectively for relat-
ing to singlemeasurements of constituents such as arsenic (Ayotte et al.,
2011; Harte et al., 2012; McMahon and Chapelle, 2008; Thomas, 2007);
however, when there is variation in a surrogate constituent, analysis is
lacking on how arsenic concentrations vary.

In this study, examination of the change in a constituent in or
property of water was done by individual dataset rather than combined
because not all datasets had paired measurements of the same constit-
uents nor did all data within datasets have measurements of these
constituents or properties (Table 4). For example, concentrations of dis-
solved iron or manganese were available for each of the two arsenic
samples per well for some datasets, whereas others had information
on dissolved oxygen or pH or oxidation–reduction potential. Further,
using pooled relative standard deviation data from multiple replicate
pairs per dataset (Table 2), upper and lower 95th-percentile confidence
intervalswere computed for eachmeasurement, and datawith overlap-
ping confidence intervals were alternately included and excluded from
the analyses as indicated in Table 4 and as described below.

3.2.1. Lamprey River basin private wells
Measurements of dissolved oxygen taken at the time of sample col-

lection indicate that increases in concentrations of arsenic correspond
to decreases in dissolved oxygen concentrations (Table 4). More than
80% of wells where the dissolved oxygen decreased also showed in-
creases in arsenic (regardless ofwhether or not sampleswith overlapping
confidence intervals were excluded). Conversely, 80 to 86% of samples
from wells where dissolved oxygen increased had arsenic decreases
(Table 4). The differences in dissolved oxygen among samples from the
same well range from−7.6 to 1.6 mg/L, which are relatively large, indi-
cating that the water pumped from these wells may reflect temporally
variable groundwater fluxes possibly caused by temporally variable
pumping stresses.

3.2.2. Private wells near the Mottolo Superfund Site
Inferred redox status based on measurements of redox indicators

(such as dissolved oxygen, iron, and oxidation–reduction potential)
taken at the time of sample collection indicate that high concentrations
of arsenic corresponded to a reducing conditions (Harte et al., 2012).
Taking this finding further and analyzing paired temporal samples
from private wells adjacent to the Mottolo Superfund site, concentra-
tions of arsenic generally decreased when the concentrations of iron
at a well decreased (Table 4). Although it is unclear what controlled
changes in redox conditions and arsenic concentrations over time,
time-varying fluxes of anoxic groundwater resulting from the
Please cite this article as: Ayotte JD, et al, Factors affecting temporal varia
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degradation of organic compounds at the Mottolo Superfund site and
moving toward the private wells could explain these patterns. In this
way, temporal variability in arsenic concentrations may be attributable
to localized anthropogenic contamination that has largely been
remediated. In thesewells, the resulting changes in redox state unexpect-
edly resulted in changes in arsenic concentrations. Such patterns are not
unexpected at small spatial scales, but these types of waste-related
temporal patterns are unlikely to operate at the large spatial scales and
may not be applicable to general resource investigations.

3.2.3. New England public wells
Measurements of arsenic and manganese in samples from public

wells in New England indicate that changes in manganese concentra-
tions correspond to changes in concentrations of arsenic (Table 4).
About 60% of wells showed a decrease in concentrations of arsenic
when there was an associated decrease in the concentration of manga-
nese; similarly, about 60% of wells showed increases in concentrations
of arsenic when concentrations of manganese increased. The strength
of these relations improves when wells with overlapping 95% confi-
dence intervals are excluded—71% of wells showed a decrease in con-
centrations of arsenic when concentrations of manganese decreased,
and 62% of wells showed an increase in concentrations of arsenic
when concentrations of manganese increased. Similar to other datasets
in this study, this correlation suggests that change in concentrations of
arsenic is associated with changes in redox status of the water being
pumped. For these data, the cause of changing chemistry (both manga-
nese and arsenic) is not known. However, the associations in the trends
betweenmanganese and arsenic likely would relate to similar processes,
such as flow system perturbations.

3.2.4. Lower Illinois River basin private wells
Samples from private wells in the glacial aquifer in the Lower Illinois

River basin, though few in number, indicate that changes in iron were
related to changes in arsenic (Table 4). Nearly all samples showed an
arsenic increase when iron increased; the opposite also was true. The
significance of this result is questionable because of the small number
of wells (Table 4). Nevertheless, this result provides additional evidence
that changes in redox conditions often are associated with changes in
concentrations of arsenic in water from wells.

3.2.5. Central Valley private wells
Changes in concentration of arsenic from private well samples in the

unconsolidated sand andgravel aquifer in the Central Valley of California,
unlike most of the other wells analyzed, did not appear to respond to
changes in redox but rather were related to changes in some major
ions, such as calcium, magnesium, and sulfate (Table 4). There were no
significant changes in the concentration of arsenic related to changes in
the concentrations of dissolved oxygen, manganese, or iron. However,
the effect of decreases in the concentrations of calcium, magnesium,
and sulfate resulted in modest increases in the percentage of wells
(55% to 60%) with increases in concentrations of arsenic (Table 4); how-
ever, increases in the concentrations of thesemajor ions were associated
with significant percentages (70% to 80%) of wells decreasing in concen-
trations of arsenic. This result is consistent with recent studies that have
described increases in the concentrations of calcium, sulfate, and bicar-
bonate in groundwater that were related to increased irrigation and
the addition of gypsum as a soil amendment, resulting in mobilization
of uranium (Jurgens et al., 2009). In this study, increases in these major
ions are associated with decreased concentrations of arsenic, which
may be an indication of increasing proportions of young recharge
water, which is diluting groundwater that contains arsenic, or geochem-
ically limiting the mobility of arsenic. Increases in concentrations of sul-
fate, however, may be indicative of increasingly oxidizing conditions,
which would cause decreases in concentrations of arsenic such as
those indicated in Table 4.
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Table 3
Trends in concentrations of arsenic based on two samples per well.
[LRB, Lamprey River Basin;MOT,Mottolo Superfund Site; PSW, New England public-supply wells; SNH, SouthernNewHampshire; NAWQA, NationalWater Quality Assessment Program;
LIRB, Lower Illinois River Basin; CV, Central Valley of California; p-values bolded were significant at alpha = 0.05.]

Water-supply well
data source

Supply type Number of wells Average time between
samples (years)

Change in concentration of arsenic,
in percent

Overall change Wilcoxon-signed
rank p-value

Increase Decrease No change

LRB Private 148 0.81 20.3 15.2 64.6 Increase 0.0063
PSW Public 607 2.5 19.6 25.4 55.0 Decrease 0.0159
SNH Private 143 10 36.4 31.5 32.2 Increase 0.8281
MOT Private 35 0.34 16.2 70.3 13.5 Decrease 0.0174
NAWQA All Mixeda 183 9.4 7.1 11.7 81.2 Decrease 0.0866
NAWQA LIRB Privateb 25 11 44.0 20.0 36.0 Increase 0.1244
NAWQA CV Private 104 8.4 20.2 32.7 47.2 Decrease 0.0248

a Mixed public and private; does not include LIRB and Central Valley NAWQA wells.
b One was a public supply.
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3.3. Seasonal effects on arsenic variability

The seasonal effect on concentrations of arsenic traditionally
has been difficult to characterize, but one method is to consider
whether concentrations measured at different times of the year, as a
group, are different from each other. Comparing these results to typical
hydrographs of water levels for groundwater wells indicate possible
reasons for variability.

For all New Englandwells in the study, samples were categorized by
identifying the quarter of the year in which the sample was taken and
comparing the distributions of concentrations among quarters. Overall,
concentrations of arsenic were lowest in the first quarter (January
through March) and were highest in the fourth quarter (October
through December) (Fig. 5A). At the same time, groundwater levels
were generally deeper in the third and fourth quarters than in the first
and second quarters (Fig. 5B). The fact that higher arsenic concentra-
tions occur when groundwater levels are deepest suggests that arsenic
concentrations in well water may be controlled, in part, by the propor-
tions of the youngest, less geochemically evolved groundwater
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of variation between sample 1 and sample 2, for private and public wells. The number in
parentheses is the number of wells sampled.
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components to the oldest, more geochemically evolved groundwater
components; the proportions of groundwater ages in turn may be
affected by pumping, which can mix dissimilar groundwater, or other
aquifer stresses, such as high or low groundwater conditions.

Similarly, in the Central Valley of California, samples collected in
periods with deeper water levels had a slight though apparent increase
in concentrations of arsenic, (Fig. 6A, B). This is most apparent for quar-
ters 1 and 2, where an increase in depth to water corresponded to a
noticeable increase in arsenic concentrations. Water levels remained
moderately deep in quarters 3 and 4, which corresponded to relatively
high 75th percentile (and above) concentrations of arsenic. Although
these relations are weak, the general pattern may be suggestive of a
water-level effect.

4. Discussion

The concentrations of arsenic in most wells analyzed for this study
varied over time by small amounts (less than ±4 μg/L); however,
some varied by much larger amounts. This finding is common for
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Table 4
Effect of changes in surrogate variables for geochemical conditions on temporal variability of arsenic in groundwater.
[As, arsenic; LRB, Lamprey River Basin; PSW, New England public-supply wells; MOTMottolo Superfund Site; NAWQA, National Water Quality Assessment Program; LIRB, Lower Illinois
River Basin; CV, Central Valley of California; NVBR, Nevada Basin and Range; percentages and p-values bolded were significant at alpha = 0.05, for samples without overlapping confi-
dence intervals.]

Water-supply
well data source

Supply type Number of wells Includes arsenic differences with
overlapping 95% confidence intervals

Percentage of wells with increase or decrease in arsenic by
potential controlling factor

Chi-square
p-value

PSW Public – – Mn decreased Mn increased –

– – As decreased As increased As decreased As increased –

62 Y 60.0 40.0 40.6 59.4 0.1273
38 N 70.6 29.4 38.1 61.9 0.0461

LRB Private – – Dissolved oxygen decreased Dissolved oxygen increased –

– – As decreased As increased As decreased As increased –

42 Y 17.1 82.9 85.7 14.3 0.0002
20 N 20.0 80.0 80.0 20.0 0.0149

MOT Private – – Fe decreased Fe increased –

– – As decreased As increased As decreased As increased –

27 Y 94.1 5.9 50.0 50.0 0.0078b

23 N 93.3 6.7 37.5 62.5 0.0037b

NAWQA LIRB Privatea – – Fe decreased Fe increased –

– – As decreased As increased As decreased As increased –

16 Y 60.0 40.0 18.2 81.8 0.0944b

5 N 100 0.0 0.0 100 0.0253b

NAWQA CV Private – – Sulfate decreased Sulfate increased –

– – As decreased As increased As decreased As increased –

54 Y 45.0 55.0 70.6 29.4 0.0625
38 N 44.4 55.6 80.0 20.0 0.0233

NAWQA CV Private – – Ca decreased Ca increased –

– – As decreased As increased As decreased As increased –

55 Y 42.1 57.9 72.2 27.8 0.0288
38 N 42.9 57.1 75.0 25.0 0.0475

NAWQA CV Private – – Ca and Mg decreased Ca and Mg increased –

– – As decreased As increased As decreased As increased –

51 Y 40.0 60.0 72.2 27.8 0.0301
36 N 41.7 58.3 75.0 25.0 0.0497

a One well is a public well.
b More than 75% of the cells have expected counts less than 5; chi-square may not be a valid test.
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studies of temporal variability in the United States and, in many cases,
internationally, which has generally led to the conclusion that arsenic
is not particularly variable in natural groundwater. Although this is a
reasonable conclusion in general, it also has been an impediment to
understanding what processes affect temporal variability, particularly
for wells that have large differences in concentrations of arsenic over
time. In this study, changes in iron, manganese, and dissolved oxygen,
that are related to time-varying redox conditions in well water,
were found to relate to variability in concentrations of arsenic. Other
geochemical factors such as changes in pH and some major ions, such
as calcium, magnesium, and sulfate also were related to arsenic
variability.

The fact that arsenic concentrations in private wells were least
variable and in public wells were most variable suggests that aspects
of well operation such as high or variable pumping rates or seasonality
of pumping affect variability (Fig. 2; Table 1). Private wells from this
study that are not affected by systematic contamination (NAWQA, Lam-
prey River basin, and southeastern NewHampshire wells) had the least
amount of variability (Fig. 2). However, private wells that were affected
by redox changes caused by a nearby waste site (Mottolo Superfund
wells) had greater variability than all other wells used in this study.
The private wells near the Mottolo Superfund site are recently known
to be affected by changed redox conditions (more reducing) associated
with former volatile organic compound contamination at the waste
site (Harte et al., 2012; Hoffman, 2010). The data led to the conclusion
that the effects of the now mostly removed contaminants (organic
solvent) caused redox changes in groundwater that were much more
far reaching than expected, affecting concentrations of arsenic in the
adjacent, down gradient, local groundwater.

Changes in surrogate variables for indicating reducing redox
conditions in water samples, such as decreased dissolved oxygen and
oxidation–reduction potential and increased iron and manganese,
Please cite this article as: Ayotte JD, et al, Factors affecting temporal varia
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along with other geochemical changes, such as increased pH, were re-
lated to increases in arsenic; this relation was particularly observable
in samples from the Northeastern United States. Increases in some
major ions, such as calcium and sulfate, in the Central Valley were
related to decreases in concentrations of arsenic (a signature that may
be indicative of well-documented gypsum dissolution associated with
irrigated agriculture) (Jurgens et al., 2009; Schoups et al., 2005). It also
is possible that high proportions of less chemically evolved, more
oxidizing recharge water with high concentrations of calcium and
sulfate could be inhibiting arsenic mobility or may simply be diluting
the water that contains high concentrations of arsenic. Although the
reasons for this relation is unclear, the relation suggests that focusing
on the causes of the geochemical changes as indicated by surrogate
variables may help resolve the reasons for observed changes in concen-
trations of arsenic over time.

Seasonal variability was observable within the data from New
England (Fig. 5A, B) and in the Central Valley (Fig. 6A, B). One hypothesis
is that low groundwater levels may indicate less dilution with oxidizing,
lower-pH water (such as from recharge or irrigation water), resulting
in increases in dissolved arsenic. Also, geochemical conditions that inhib-
it arsenic mobility, such as slightly acidic pH or oxidizing conditions
would be greater during periods of increasing groundwater levels
(greater recharge) than during periods of decreasing groundwater levels
(periods of recession). Although these data were not originally collected
to determine such relations, that it was observable suggests that these
processes could be affecting changes in concentrations of arsenic.

The extent towhich changes in arsenic concentrations inwells occur
in areas not covered by data used for this study or on the individualwell
scale is unclear but is of concern because it appears that either changes
in redox or other geochemical conditions affect arsenic concentrations
over time or systematic changes are affecting arsenic as well as other
solute concentrations.
bility of arsenic in groundwater used for drinking water supply in the
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4.1. Implications for public and private well use

An important concern is the magnitude of arsenic variability in
public and private wells. For example, concerns about variability in
public wells may relate more to treatment efficacy or costs, whereas
the concerns for private wells also may include whether the presence
of the contaminant is known and whether it being treated.

Although evident from the datasets that are described in Table 1, the
concentrations of contaminants from all public wells (excluding those
with overlapping confidence intervals) are more variable than those
from private wells (Fig. 3). In many ways, this is a positive finding be-
cause the private wells, with assumed lower variability are generally
not regulated and therefore are less often tested than public wells. For
public wells with high-variability, higher than normal frequency moni-
toring is often required.

For private wells, less variability might appear to imply that
infrequent monitoring could be considered sufficient; however, it
is clear from the examples herein that local changes in geochemical
conditions can cause large temporal changes and that those changes
may not be obvious to the typical well owner unless routine testing is
conducted.

From analyses of the data used in this study we can deduce that
variability in concentrations of arsenic occurs and is, in part, systematic
in that it can be related to variations in indicator variables that act as
surrogates for geochemical processes. Applying this deduction in the
larger context of worldwide arsenic contamination areas can help to
predict where variability may be most problematic. Identification of
processes that can potentially affect concentrations of arsenic could
allow for management of groundwater resources to minimize exposure
to arsenic. For example, consideration of groundwater flow paths and
zones of contribution to public wells could be evaluated not just in
terms of potential for contaminants to reach the supply well but also
in terms of whether geochemical changes caused by contaminants
might extend beyond the reach of the contaminants themselves and
affect changes in concentrations of arsenic over time. Evaluation of geo-
chemical variation, whether as changes in redox or changes in solute
loads in an area over multiple time scales, may lead to more informed
decisions about management of existing water-supply wells and
where new supply wells can be best sited.

Consideration of the potential for variability in concentrations of ar-
senic or other contaminants could and perhaps needs to be part of the
evaluation of sources of groundwater supplies, whether from different
aquifers in the same area or from different parts of the same aquifer.
In this way, groundwater and aquifer geochemistry that may be more
or less favorable for time-varying mobilization of geologically sourced
contaminants can be adequately evaluated. More complete evaluation
of mobilization mechanisms that include a temporal component can
lead to more informed decision making ability.
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